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Theory of nonlinear optial properties of phenyl-substituted polyaetylenes
Alok Shukla
Physis Department, Indian Institute of Tehnology, Powai, Mumbai 400076 INDIA
In this paper we present a theoretial study of the third-order nonlinear optial properties of
poly(diphenyl)polyaetylene (PDPA) pertaining to the third-harmoni-generation (THG) proess.
We study the aforesaid proess in PDPA's using both the independent eletron Hükel model, as
well as orrelated-eletron Pariser-Parr-Pople (P-P-P) model. The P-P-P model based alulations
were performed using various onguration interation (CI) methods suh as the the multi-referene-
singles-doubles CI (MRSDCI), and the quadruples-CI (QCI) methods, and the both longitudinal
and the transverse omponents of third-order suseptibilities were omputed. The Hükel model
alulations were performed on oligo-PDPA's ontaining up to fty repeat units, while orrelated
alulations were performed for oligomers ontaining up to ten unit ells. At all levels of theory,
the material exhibits highly anisotropi nonlinear optial response, in keeping with its strutural
anisotropy. We argue that the aforesaid anisotropy an be divided over two natural energy sales:
(a) the low-energy response is predominantly longitudinal and is qualitatively similar to that of
polyenes, while (b) the high-energy response is mainly transverse, and is qualitatively similar to
that of trans-stilbene.
PACS numbers: 78.30.Jw,78.20.Bh,42.65-k
I. INTRODUCTION
Conjugated polymers are believed to be one of the
most important materials for the future nonlinear opto-
eletroni devies
1
. The nonlinear optial response of
these materials originates mainly from the pi eletrons
whih (a) are deloalized along the bakbone of the
polymer (b) while being ompletely loalized as far
as the motion in a diretion transverse to the bak-
bone is onerned. It is this one-eletron piture of
loalized-deloalized pi eletrons whih provides an in-
tuitive understanding of the large response of these ma-
terials to external elds. However, the role of eletron-
orrelation eets on the linear and nonlinear nonlinear
optial response of onjugated polymers has attrated
onsiderable amount of theoretial attention in reent
years, and a number of onjugated polymers suh as
trans-polyaetylene, poly-(para)phenylene (PPP), poly-
(para)phenylenevinylene (PPV) et. have been stud-
ied using the Coulomb orrelated models in reent
works.
2,3,4,5,6,7,8,9
From several of these studies the pi-
ture that emerges is that the nonlinear optial properties
of various onjugated polymers for the most part are de-
termined by a small number of exited states. For onju-
gated polymers whose strutures are invariant under the
inversion operation (entro-symmetri) these states are:
(a) 1Bu, the lowest-energy one-photon state, (b) mAg, a
two-photon state higher in energy than 1Bu and with a
strong dipole oupling to it, and () nBu, a one-photon
state higher in energy than mAg (but still within the
ondution-band threshold), and with strong dipole ou-
pling to it.
2,3,6,8,9
The question is whether this so-alled
essential-states piture is peuliar to a few onjugated
polymers, or is it universally shared by all of them?
Reently, optial properties of a new lass of
onjugated polymers alled phenyl-disubstituted poly-
aetylenes (PDPA's)whih are obtained by substitut-
ing the side H atoms of trans-polyaetylene by phenyl
derivativeshave been the subjet of several experi-
mental studies.
10,11,12,13,14,15,16,17
The interesting aspet
of the linear optial properties of these materials is
that they exhibit strong photoluminesene (PL), de-
spite their strutural similarities to trans-polyaetylene,
whih is well-known to be nonphotoluminesent.
14
In
a series of theoretial studies, we explained the strong
PL exhibited by PDPA's in terms of redued eletron-
orrelation eets aused by the deloalization of exi-
ton in the transverse diretion beause of the presene
of phenyl rings in that diretion.
18,19,20
We also showed
that deloalization of exiton also leads to redution in
the optial gaps of these materials as ompared to trans-
polyaetylene.
18,19,20
Moreover, we predited that the de-
loalization of exitons will also leave its signatures in
form of a signiant presene of transverse polarization
in the photons emitted during the PL in PDPA's, a pre-
dition, whih sine then, has been veried in oriented
thin-lm based experiments.
17
In the present work, we have undertaken a system-
ati theoretial study of nonlinear optial properties of
PDPA's orresponding to the third-harmoni generation
(THG) proess. There are several motivations behind
the present study, the rst of whih is studying those ex-
ited states of PDPA's whih will not be visible in the
linear optis. In the THG spetrum of entrosymmet-
ri materials suh as PDPA's, Ag-type states appear as
two-photon resonanes, while the Bu-type states appear
as three-photon resonanes, thus making the simultane-
ous exploration of both the symmetry manifolds possi-
ble. The next motivation is to explore whether one an
understand the nonlinear-optial properties of omplex
polymers suh as PDPA's, in simple terms as enuni-
ated in the essential-states mehanism mentioned above.
In partiular, for trans-polyaetylene, THG spetrum is
predited to have two prominent peaks orresponding to
2the essential states mAg and nBu mentioned above, in
addition to the 1Bu peak.
2,3
Therefore, questions arise:
(a) How does the nonlinear optial response of PDPA's
ompare to that of trans-polyaetylene? (b) What is the
nature of the essential states ontributing to the non-
linear optial properties of PDPA's? () Will transverse
polarization also play a role in the nonlinear optial prop-
erties as it did in ase of their linear optial properties?
The last, but not the least of our motivations behind the
present study is to investigate whether one an use on-
ventional omputational methods suh as onguration-
interation (CI) approah also to study large unit ell
materials suh as PDPA's (fourteen eletrons per ell).
This is important in light of the fat that with so many
novel and inreasingly omplex materials being disov-
ered by nano-tehnologists on a routine basis, there
will be novel hallenges for anyone interested in obtain-
ing their theoretial understanding. Therefore, it is im-
portant to apply time-tested theoretial approahes suh
as the ongurations-interation (CI) method to study
these materials to explore whether they an withstand
the hallenges posed by systems of inreasing omplex-
ity. We address all these issues by performing alula-
tions on oligo-PDPA's of the third-order nonlinear optial
suseptibilities orresponding to the THG proess using
both the independent-partile Hükel model, as well as
Coulomb-orrelated Pariser-Parr-Pople (P-P-P) model.
The P-P-P model-based alulations were performed us-
ing the CI methodology, and approahes suh as multi-
referene-singles-doubles CI (MRSDCI), and quadruples-
CI (QCI) were used to ompute the THG spetra. For
the Hükel model alulations, we onsidered oligomers
of PDPA's ontaining up to fty unit ells, while for
P-P-P model alulations up to ten unit ell oligomers
were onsidered. We omputed suseptibility omponent
where all photons involved were polarized in the hain
diretion (longitudinal omponent), as well as the om-
ponent where the photons were polarized perpendiular
to the hain (transverse omponent). We see that the
THG spetrum is learly divided over two distint en-
ergy sales: (a) the low-energy response is primarily on-
entrated in the longitudinal omponent and is qualita-
tively similar to that of trans-polyaetylene, while (b) the
high-energy response is onentrated mainly in the trans-
verse omponent and is similar to that of trans-stilbene.
Upon examining the orbitals involved in these responses
we onlude that it is the low-energy hain-like moleular
orbitals (MOs) lose to the Fermi level whih are ative in
the longitudinal omponent, while the transitions among
the hain-like and high-energy phenyl-based orbitals give
rise to the transverse omponent of the response.
The remainder of this paper is organized as follows. In
setion II we briey desribe the theoretial methodol-
ogy used to perform the alulations in the present work.
Next in setion III we present and disuss the alu-
lated nonlinear optial suseptibilities of oligo-PDPA's.
Finally, in setion IV we summarize our onlusions.
II. METHODOLOGY
The unit ell of PDPA oligomers onsidered in this
work is presented in Fig. 1. Ground state geometry
of PDPA's, to the best of our knowledge, is still un-
known. However, from a hemial point of view, it is
intuitively lear that the steri hindrane would ause
a rotation of the side phenyl rings so that they would
no longer be oplanar with the polyene bakbone of the
polymer. The extent of this rotation is also unknown,
however, it is lear that the angle of rotation has to
be less than 90 degrees beause that would eetively
make the orresponding hopping element zero, implying
a virtual disonnetion of the side phenyl rings from the
bakbone. In our previous works
18,19,20
, we argued that
the steri hindrane eets an be taken into aount by
assuming that the phenyl rings of the unit ell are ro-
tated with respet to the y-axis by 30 degrees in suh
a manner that the oligomers still have inversion symme-
try. It is obvious that along the diretion of onjugation
(longitudinal diretion), PDPA is struturally similar to
trans-polyaetylene, with alternating single and double
bonds. But, perpendiular to the onjugation diretion
(transverse diretion), the material has features in om-
mon with trans-stilbene, with its two phenyl rings, and
vinylene-like linkage onneting them. In the following,
we will adopt the notation PDPA-n to denote a PDPA
oligomer ontaining n unit ells of the type depited in
Fig. 1.
The point group symmetry assoiated with trans-
polyaetylene (and polyenes) is C2h so that the one-
photon states belong to the irreduible representation
(irrep) Bu, while the ground state and the two-photon ex-
ited states belong to the irrep Ag. Beause of the phenyl
group rotation mentioned above, the point group symme-
try of PDPA's is Ci so that its ground state and the two-
photon exited states belong to the irrep Ag, while the
one-photon exited states belong to the irrep Au. How-
ever, to failitate diret omparison with polyenes, we
will refer to the one-/two-photon states of PDPA's also
as Bu/Ag-type states.
The independent-eletron alulations on the
oligomers PDPA-n were performed using the Hükel
model Hamiltonian whih, adopting a notation idential
to our previous works
18,19,20
reads,
H = HC +HP +HCP , (1a)
where HC and HP are the one-eletron Hamiltonians
for the arbon atoms loated on the trans-polyaetylene
bakbone (hain), and the phenyl groups, respetively,
HCP is the one-eletron hopping between the hain and
the phenyl units. The individual terms an now be writ-
ten as,
HC = −
∑
〈k,k′〉,M
(t0 − (−1)
M∆t)Bk,k′ ;M,M+1, (1b)
3HP = −t0
∑
〈µ,ν〉,M
Bµ,ν;M,M , (1)
and
HCP = −t⊥
∑
〈k,µ〉,M
Bk,µ;M,M,. (1d)
In the equation above, k, k′ are arbon atoms on the
polyene bakbone, µ, ν are arbon atoms loated on the
phenyl groups, M is a unit onsisting of a phenyl group
and a polyene arbon, 〈...〉 implies nearest neighbors,
and Bi,j;M,M ′ =
∑
σ(c
†
i,M,σcj,M ′,σ + h.c.). Matrix ele-
ments t0, and t⊥ depit one-eletron hops. In HC , ∆t is
the bond alternation parameter arising due to eletron-
phonon oupling. In HCP , the sum over µ is restrited
to atoms of the phenyl groups that are diretly bonded
to bakbone arbon atoms. There is a strong possibil-
ity that due to the loseness of the phenyl rings in the
adjaent unit ells, there will be nonzero hopping be-
tween them, giving rise to a term HPP in the Hamilto-
nian above. However, in our earlier study,
19
we explored
the inuene of this oupling on the linear optis of these
materials, and found it to have insigniant inuene.
Therefore, in the present study, we believe that we are
justied in ignoring the phenyl-phenyl oupling.
As far as the values of the hopping matrix elements are
onerned, we took t0 = −2.4 eV, while it is imperative
to take a smaller value for t⊥, beause of the twist in
the orresponding bond owing to the steri hindrane
mentioned above. We onluded that for a phenyl group
rotation of 30 degrees, the maximum possible value of t⊥
an be -1.4 eV.
18
Bond alternation parameter ∆t = 0.45
eV was hosen so that the bakbone orresponds to trans-
polyaetylene with the optial gap of 1.8 eV in the long
hain limit.
The THG proess in oligo-PDPA's were studied
by omputing the third-order nonlinear suseptibilities
χ(3)(−3ω;ω, ω, ω). For short we will refer to this susep-
tibility, as χ
(3)
THG. First the Hükel Hamiltonian for the
orresponding oligo-PDPA was diagonalized to ompute
the one-eletron eigenvalues and eigenfuntions. These
quantities were subsequently used in the formulas derived
by Yu and Su,
25
to ompute χ
(3)
THG.
The orrelated alulations on the oligomers PDPA-n
were performed using the P-P-P model Hamiltonian
H = HC +HP +HCP +Hee, (2)
where HC , HP , HCP have been explained above. Hee
depits the eletron-eletron repulsion and an be written
as
Hee = U
∑
i
ni↑ni↓
+
1
2
∑
i6=j
Vi,j(ni − 1)(nj − 1) (3)
where i and j represent all the atoms of the oligomer.
The Coulomb interations are parameterized aording
to the Ohno relationship
21
,
Vi,j = U/κi,j(1 + 0.6117R
2
i,j)
1/2
, (4)
where, κi,j,M,N depits the dieletri onstant of the
system whih an simulate the eets of sreening, U is
the on-site repulsion term, and Ri,j is the distane in
Å between the ith arbon and the the jth arbon. The
Ohno parameterization initially was arried out for small
moleules, and, therefore, it is possible that the Coulomb
parameters for the polymeri samples ould be some-
what smaller due to interhain sreening eets.
22
Sine
the results obtained will learly depend on the hoie of
the Coulomb parameters, we tried two sets: (a) stan-
dard parameters with U = 11.13 eV and κi,j = 1.0,
and (b) sreened parameters with U = 8.0 eV and
κi,i,M,M = 1.0, and κi,j,M,N = 2.0, otherwise. Using
the sreened parameters, Chandross and Mazumdar
22
obtained better agreement with experiments on exita-
tion energies of PPV oligomers, as ompared to the stan-
dard parameters. Reently, we performed a large-sale
orrelated study of singlet and triplet exited states in
oligo-PPV's and observed a similar trend.
23
As far as the hopping matrix elements for PDPA's and
polyenes are onerned, they were assigned the values
used in the Hükel-model alulations, exept for the
bond-alternation parameter for whih the smaller value
∆t = 0.168 eV, onsistent with the P-P-P model, was
used. In trans-stilbene, for phenyl rings hopping value of
-2.4 eV was used, while in the vinylene linkage the values
used were -2.2 eV for the single bond, and -2.6 eV for the
double bond. In all the alulations, C-C bond length
of 1.4 Å was used for the phenyl rings. In polyenes
and PDPA's, along the bakbone the single bonds and
the double bonds were taken to be 1.45 Å and 1.35
Å, respetively. The bond onneting the bakbone to
the substituent phenyl rings was taken to be 1.40 Å. In
trans-stilbene, in the vinylene linkage, the single (dou-
ble) bond lengths were taken to be 1.54 Å (1.33 Å). The
bond lengths used in this paper are the same as the ones
used in our earlier works.
18,19,20,23
The starting point of the orrelated alulations for
various oligomers were the restrited Hartree-Fok (HF)
alulations, using the P-P-P Hamiltonian. The many-
body eets beyond HF were omputed using dier-
ent levels of the onguration interation (CI) method,
namely, quadruples-CI (QCI), and the multi-referene
singles-doubles CI (MRSDCI). Sine the number of ele-
trons in oligo-PDPA's is quite large despite the P-P-P
approximation owing to the large unit ell, it is not pos-
sible to inlude all the orbitals in the many-body al-
ulations. Therefore, one has to redue the number of
degrees of freedom by removing some orbitals from the
many-body alulations. In order to ahieve that, for
eah oligomer we rst deided as to whih oupied and
the virtual orbitals will be ative in the many-body al-
ulations based upon: (a) their single-partile HF en-
4ergies with respet to the loation of the Fermi level,
and (b) Mulliken populations of various orbitals with re-
spet to the hain/phenylene-based atoms. Beause of
the partile-hole symmetry in the problem, the numbers
of ative oupied and virtual orbitals were taken to be
idential to eah other, with the oupied and virtual or-
bitals being partile-hole symmetri. The remaining o-
upied orbitals were removed from the many-body alu-
lations by the at of freezing, i.e., by summing up their
interations with the ative eletrons, and adding this
eetive potential to the one-eletron part of the total
Hamiltonian. The inative virtual orbitals were simply
deleted from the list of orbitals. When we present the CI
results on various oligo-PDPA's, we will also identify the
list of ative orbitals. During the CI alulations, full use
of the spin and the point group (Ci for PDPA's) symme-
tries was made. From the CI alulations, we obtain the
eigenfuntions and eigenvalues orresponding to the or-
related ground and exited states of various oligomers.
Using the many-body wave funtions, we ompute the
matrix elements of the dipole operator amongst various
states. Finally, these quantities are fed in to the sum-
over-states formulas of Orr and Ward,
26
to obtain the
orrelated values of χ
(3)
THG. More details about the pro-
edural aspets of various CI approahes used by us an
be found in our earlier works.
19,20,23,24
III. RESULTS AND DISCUSSION
In this setion we present our results on χ
(3)
THG using
various approahes. First we present and briey disuss
the results omputed using the Hükel model, followed
by the results omputed using various CI approahes.
A. Independent-eletron theory
1. Longitudinal Component
Here we present and disuss the longitudinal THG
spetrum for the ase of oligomer PDPA-50, whih has
700 sites leading to 350 oupied and the same number
of virtual orbitals. Even within the one-eletron theory,
alulation of χ(3)'s with suh a large number of orbitals
is intratable. Therefore, to perform suh alulations
on larger oligomers, it is mandatory that some of the
orbitals be disarded. To this end we adopted the rite-
rion to disard those oupied and virtual orbitals whih
are more than 3.0 eV away from the Fermi energy. The
hoie of 3.0 eV is based upon the magnitude of the op-
tial gap and the loation of various features in the χ(3)
spetra of smaller oligomers. Sine, on PDPA-30 it was
also possible to perform exat alulations, we were able
to ompare our approximate results with the exat ones
for that oligomer. We found that the approximate results
on longer oligomers are quite aurate.
The total magnitude of omponent of the longitudinal
omponent of THG suseptibility (|χ
(3)
xxxx(−3ω;ω, ω, ω)|),
as a funtion of the inident photon energy E, for fty
unit ell oligomers of PDPA and trans-polyaetylene is
plotted in Fig. 2. From the gure it is lear that the main
peak of the spetrum for both these materials is the rst
one orresponding to the lowest optially allowed state
1Bu, and is loated at ~ω = Eg/3, where Eg is the value
of the optial gap dened as Eg = E(1Bu) − E(1Ag).
From the gure it is obvious that: (a) qualitatively speak-
ing, longitudinal THG spetra for the both the polymers
are similar (b) from a quantitative point of view, as ex-
peted, the resonant features of the PDPA spetrum are
red shifted as ompared to the trans-polyaetylene ones
() in the frequeny region of interest, both the reso-
nant, and the o-resonant, nonlinear optial responses
of PDPA are muh more intense as ompared to trans-
polyaetylene. Sine the 1Bu state of PDPA's in Hükel
model originates from the exitationHOMO → LUMO,
both of whih are hain-based orbitals, one an safely
onlude that as far as the longitudinal nonlinear-optial
response omputed at the Hükel level is onerned,
oligo-PDPA's behave as if they were smaller band-gap
polyenes.
2. Transverse Component
The transverse THG spetrum of oligo-PDPA's satu-
rates very rapidly with size beause with inreasing on-
jugation length, the trans-stilbene-like struture of the
oligomer in the transverse diretion is unhanged. With
inreasing onjugation length, only the overall intensity
in the transverse diretion is expeted to inrease, with
little hange in the qualitative feature. Therefore, here
we present the exat results on |χ
(3)
yyyy(−3ω;ω, ω, ω)| for
the oligomer PDPA-30 in Fig. 3. It is lear from the
gure that there is only one resonant feature in the spe-
trum and it is loated lose to 1.7 eV and its intensity
is about one-fth that of the largest resonant intensity
in the longitudinal THG spetrum(f. Fig. 2). Even
for smaller oligomers suh as PDPA-10 and PDPA-20,
the loation of the resonane is the same pointing to
its possible origins in the phenyl-based orbitals. There-
fore, to simplify our task of loating these orbitals, we
investigate the THG spetrum of PDPA-10 for whih the
main peak ours at 1.71 eV, orresponding to an Ag
type state, obtained from the ground state by single-
exitations H → L + 39 and H − 39 → L. To in-
vestigate the nature of the orbital orresponding to the
L + 39-th one-eletron state, we alulated the ontri-
bution of the harge density entered on the bakbone
arbon atoms, to its total normalization. The ontribu-
tion was omputed to be 0.05 whih indiates that the
orbital in question is predominantly entered on the side
phenyl rings. Further investigation of the orbital oef-
ient reveals that the orbitals in question, are derived
from the phenyl-based deloalized (d∗) virtual orbitals,
5with no ontribution from the loalized orbitals (l∗-type)
of the phenyl rings. Similarly, owing to the partile-hole
symmetry, H − 39-th orbital is derived from the d-type
oupied orbitals of the phenyl rings. The investigation
of longer oligomers yields idential results. Thus it is
lear that the transverse THG suseptibility of the sys-
tem owes its origins to phenyl-based deloalized (d/d∗)
levels. This is an important point whih also helps us
perform eetive orrelated alulations of this ompo-
nent, presented in the next setion.
B. Correlated-eletron theory
Sine the smaller energy gaps obtained with the
sreened parameters in our earlier works were found
to be in muh better agreement with the experiments,
we will present our main results based upon sreened-
parameter-based alulations. However, when we om-
pare the PDPA nonlinear optial spetra with those of
polyenes, we will use the standard parameters beause
sreened parameters are not valid for polyenes.
1. Longitudinal Component
Now we present orrelated alulations for the lon-
gitudinal omponent of the third-harmoni generation
suseptibility χ
(3)
xxxx(−3ω;ω, ω, ω) for oligo-PDPA's, per-
formed using the QCI method. Given the large number
of eletrons in these systems, QCI method is not feasible
for them if all the orbitals of the system are retained in
the alulations. Sine the longitudinal nonlinear opti-
al properties are determined by low-lying exited states
of the system, in the limited CI alulations we deided
to inlude the orbitals losest to the Fermi level. There-
fore, for PDPA-n we inluded n oupied, and n vir-
tual orbitals losest to the Fermi level in the QCI al-
ulations. Remaining oupied orbitals were frozen and
virtual orbitals were deleted as explained in setion II.
Thus, the omputational eort assoiated with the QCI
alulations on PDPA-n is same as that needed for a
polyene with n double bonds. Although for PDPA-10, it
leads to Hilbert spae dimensions in exess of one million,
however, using the methodology reported in our earlier
works
19,23
, we were able to obtain low-lying exited states
of suh systems.
The longitudinal THG spetra (|χ
(3)
xxxx(−3ω;ω, ω, ω)|)
for PDPA-5 and PDPA-10 employing the sreened pa-
rameters and the QCI method are presented in Figs.4(a)
and 4(b), respetively. From the gures it is obvious
that the spetra for PDPA-5 and PDPA-10 ontaining
four main features eah are qualitatively quite similar,
suggesting the possibility that an oligomer as small as
PDPA-5 may possess essential features of bulk PDPA.
It is lear from Fig. 4 that: (a) The intensity of the
nonlinear response inreases with the inreasing length
of the oligomer, and (b) the peaks of the oligomers are
redshifted with the inreasing onjugation length. Next
we examine these peaks in detail.
The properties of exited states ontributing to the
longitudinal THG spetra of PDPA-5 and PDPA-10 are
presented in table I. From the table, and Fig. 4, it is
lear that there are three Bu-type states, 1Bu, nBu, and
kBu along with two Ag-type states, 2Ag and mAg whih
ontribute, respetively, to the three-photon and two-
photon resonanes in the spetra. Upon omparing the
wave funtions of various exited states of PDPA-5, with
those of PDPA-10, we infer that qualitatively the wave
funtions are very similar. For eah oligomer, 1Bu state,
whih onstitutes the rst peak of the spetrum onsists
mainly of aross-the-gap, single exitation. The next
peak orresponds to the nBu state whih, for both the
oligomers, also onsists mainly of higher energy single ex-
itations. The third three-photon resonane orrespond-
ing to a still higher energy state labeled kBu, is a mix-
ture of both singly- and doubly-exited ongurations.
For PDPA-10, this state is dominated by a high-energy
single exitation with important ontributions from dou-
ble exitations, while in PDPA-5 the situation is reverse
with main ontributions oming from the double exita-
tions. Next, when we examine the wave funtions of the
states 2Ag and mAg ontributing to the two-photon fea-
tures, we nd that ongurations ontributing to them
are essentially idential. However, beause of the orthog-
onality onstraint, the relative signs of the oeients of
these ongurations are opposite for the two states. One
strange aspet of the THG spetrum presented in Fig.
4 is the oinidene of the two-photon and three-photon
resonanes orresponding to states nBu and 2Ag, respe-
tively, for both PDPA-5 and PDPA-10. This is beause
for both the oligomers, E(nBu)/3 ≈ E(2Ag)/2. One
wonders whether this is an artifat of using a trunated
orbital set in the QCI alulations, or a genuine eet. In
order to perform orrelated alulations of the transverse
THG spetrum of PDPA-5, we used an extended orbital
set and performed large-sale MRSDCI alulations pre-
sented later in Fig. 7. From there it is lear that although
both 2Ag and nBu make important ontributions to the
spetrum, however, their peaks are well separated, and
the intensity of nBu is muh higher than that of 2Ag,
leading us to onlude that the oinidene of 2Ag/nBu
peaks in the QCI/THG spetrum is an artifat.
Next we ompare the longitudinal THG spetrum of
PDPA-10 with that of a polyene onsisting of ten double
bonds (PA-10), omputed using the QCI method, and
the standard parameters in the P-P-P Hamiltonian. The
spetra are presented in Fig. 5, while the properties of
the exited states ontributing to the spetra are illus-
trated in table II. It is lear from that the intensity
of the PDPA-10 spetrum is generally larger and all its
major peaks are signiantly redshifted as ompared to
the trans-polyaetylene oligomer, in agreement with the
Hükel model results. Moreover, the THG spetrum of
PDPA-10 omputed with the standard parameters, still
has four main peak orresponding to the states 1Bu,
6nBu, kBu, and mAg, in agreement with the sreened-
parameter results. The main dierene in the THG spe-
trum of PDPA-10 omputed with standard parameters,
as ompared to the one omputed with the sreened pa-
rameters, is that there is no ontribution to it from the
2Ag state. When we ompare this aspet of PDPA-10
standard parameter THG spetrum with that of PA-
10, we nd that the PA-10 spetrum also does not ex-
hibit any feature orresponding to 2Ag. Moreover, PA-
10 THG spetrum has only three peaks orresponding
to 1Bu, nBu, and mAg, with no peak orresponding to
a kBu-type state. If we ompare the wave funtions of
these three states of PA-10 with those of PDPA-10 (ta-
ble II), we nd that the wave funtions of 1Bu and mAg
states are very similar to eah other for the two materials.
As far as the nBu state is onerned, its wave funtion
for PDPA-10 is omposed predominantly of single exi-
tations, while for PA-10 it exhibits large onguration
mixing, with signiant ontribution also oming from
the double exitations. Moreover, in PDPA-10, the nBu
state is very lose energetially to the mAg state (slightly
below it), while in PA-10, it is muh higher in energy
than the nBu state. Note that the nBu state of PDPA-
10 omputed with the sreened parameters is slightly
above the mAg state (table I). Therefore, the loation
of the nBu state is an interesting dierene between PA-
10 and PDPA-10 whih these standard-parameter-based
alulations suggest, and it merits further investigation
in possibly more extensive alulations. Thus, experi-
mental investigations of the longitudinal THG spetrum
of PDPA-10 ould possibly shed some light on the follow-
ing aspets: (a) whether or not the 2Ag state makes an
important ontribution to the spetrum indiating as to
what range of Coulomb parameters (sreened/standard)
are valid for the material, (b) loation of nBu vis-a-vis
mAg, and () whether or not there is a peak orrespond-
ing to the kBu state in PDPA's.
2. Transverse Component
Performing aurate orrelated alulations of
χ
(3)
yyyy(−3ω;ω, ω, ω) for oligo-PDPA's is an extremely
diult task. The reason being that the many-body
Ag-type states whih ontribute to the peaks in this
omponent of the suseptibility are very high in energy,
and hene are more diult to ompute by many-body
methods, as ompared to the low-lying exited states
ontributing to the longitudinal spetra. The very high
exitation energies of these states are due to the fat
that these Ag-type states are predominantly omposed
of exited ongurations involving high-energy deloal-
ized orbitals originating from the phenyl substituents.
However, during our independent-eletron study, we
onluded that transverse suseptibilities exhibit rapid
saturation with the onjugation length. Therefore,
we restrit our study of the transverse omponents of
the nonlinear suseptibilities to PDPA-5. We perform
alulations with the sreened parameters and the
MRSDCI method employing thirty orbitals in all, of
whih fteen were oupied orbitals, and the remaining
fteen were the virtual ones. Rest of the oupied
orbitals were frozen. Of the thirty orbitals, ten were
the orbitals losest to the Fermi level whih were also
used in the QCI alulations. Remaining twenty orbitals
were the d/d∗-type phenylene-ring-based orbitals losest
to the Fermi level. In the MRSDCI alulations, no
l/l∗-type phenylene orbitals were used beause they do
not make any signiant ontribution to the transverse
nonlinear spetra in the Hükel model alulations.
In the MRSDCI alulations, we used 25 referene
ongurations for the Ag-type states, and 24 for the
Bu-type states leading to CI matries of dimensions
lose to half-a-million both for the Ag and Bu manifolds.
The transverse THG spetrum of PDPA-5, along with
the THG spetrum of trans-stilbene (labeled PPV-2)
oriented along the y-axis omputed using the QCI ap-
proah and sreened parameters, are presented in Fig.
6. The properties of the exited states ontributing to
these spetra are displayed in table III. Before dis-
ussing the many-partile wave funtions of various ex-
ited states, it is important to speify that for PDPA-5,
orbitals H − 17/L+ 17 and H − 19/L+ 19 appearing in
various states are the substituent phenyl-ring-based d/d∗
orbitals making important ontributions to the trans-
verse THG spetra omputed using the Hükel model
(f. se. III A 2). It is obvious from Fig. 6 that: (a)
For PDPA-5 four states labeled nyBu, kyBu, jyAg, and
myAg (subsript y implies y, i.e., transverse diretion)
ontribute to the spetrum, while (b) for PPV-2 three
states 1Bu, jAg, and mAg make main ontributions.
Furthermore, the main ontributions to the intensities
of the THG spetra of both the substanes are from two
Ag-type peaks: jyAg and myAg for PDPA-5, and jAg
and mAg for PPV-2. For PDPA, we reall that at the
Hükel model level, the transverse THG spetrum had
only one peak due to losely-spaed Ag-type states or-
responding to a single-partile exitation from the or-
bitals near the Fermi level (H/L) to the phenyl-based
d/d∗ orbitals. Upon examining the many-partile wave
funtions of various exited states of PDPA-5, we on-
lude that even at the many-body level the exited states
ontributing to the transverse THG spetra originate
from the same set of single exitations involving H/L
and phenyl-based d/d∗ orbitals exept for the kyBustate.
However, the harge-density analysis of the orbitals in-
volved in the kyBu state reveals that the orbitals in ques-
tion (H − 3/L+ 3, H − 4/L+ 4) have signiant harge
density on the substituent phenyls. Thus, we an safely
onlude that in the transverse THG spetrum of PDPA-
5, the substituent-phenyl-based orbitals play a very im-
portant role. On omparing the many-partile wave fun-
tions of the Ag-type states ontributing to the THG spe-
tra of the two systems, we nd that unlike the ase of
PDPA-5, in PPV-2 these states (kAg and mAg) have im-
portant ontributions from the two-partile exitations
7as well. However, the ontributions of the single-partile
exitations to these states in both PDPA-5 and PPV-2
have similar haraterthey involve H/L orbitals and
high-lying orbitals loalized predominantly in the phenyl
rings. Upon further investigation of these high-lying or-
bitals involved in single exitations we onlude that they
are of d/d∗-type phenyl-based orbitals. Therefore, we
onlude that the mehanism of the transverse THG in
PDPA's has notieable similarities to that of THG in
trans-stilbene.
Finally, in Fig. 7, we ompare the transverse THG
spetrum of PDPA-5 with its longitudinal one, both om-
puted using the MRSDCI proedure, and the sreened
parameters. It is lear from the gure that the most in-
tense peak in the transverse spetrum is about half in in-
tensity as ompared to the strongest peak in the longitu-
dinal one, and is loated in the higher energy range where
there is no ompeting longitudinal response. Thus, our
PDPA-5 alulations suggest that the transverse THG re-
sponse of these materials, ompared to their longitudinal
response, is signiant, as well as learly distinguishable
from it, in an experiment. However, it remains to be
veried whether the results obtained for small oligomers
will also be valid for the bulk PDPA's.
IV. CONCLUSIONS
Our aim behind undertaking the present theoretial
study of the nonlinear optial properties of the novel
polymer PDPA was, not only to alulate their THG
spetra, but also to understand the underlying meha-
nism in a way similar to what has been possible for sim-
pler polymers suh as trans-polyaetylene,
2,3
PPP, and
PPV.
9,24
This understanding has hiey arisen from the
essential state mehanism alluded to earlier in setion I,
whih aims to explain the nonlinear optial properties of
hain-like,
2,3
and more reently phenylene-based onju-
gated polymers,
9
in terms of a small number of exited
states. For PDPA's, whose struture has ingredients in
ommon with both the hain-like as well as the phenyl-
based polymers, our alulations suggest that their non-
linear optial properties an also be understood along the
same lines as the essential state mehanism. However,
beause of the anisotropi nonlinear optial response of
PDPA's stemming from their strutural anisotropy, the
essential states ontributing to various omponents of
suseptibility are dierent. Our independent-eletron
as well as orrelated alulations suggest that the THG
spetrum of PDPA's is distributed over two natural en-
ergy sales: (a) low-energy region of the spetrum has
signiant intensity mainly for the longitudinal ompo-
nent, while (b) high-energy region of the spetrum has
intensity mostly for the transverse omponent. The lon-
gitudinal THG spetrum bears striking qualitative re-
semblane to the THG spetrum of polyenes with simi-
lar essential states ontributing to the intensities therein.
The transverse THG spetrum on the other hand, has re-
semblane to the THG spetrum of trans-stilbene, with
again, similar type of essential states ontributing to their
intensities. The essential states whih ontribute to the
longitudinal spetra of these polymers are quite distint
from the states ontributing to their transverse spetra.
The states ontributing to the longitudinal spetra an
be desribed in terms of hain-based orbitals lose to the
Fermi level, however, to desribe the transverse spetra,
one needs to take into aount the exitations involving
phenyl-based orbitals away from the Fermi level. There-
fore, it will be of onsiderable interest if the theoretial
preditions presented here an be tested in experiments.
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The many-partile wave funtions of half-lled onjugated
polymers suh as PDPA exhibit partile-hole (harge on-
jugation) symmetry when treated using the models suh
as the Hubbard model and the PPP model. Therefore, for
every onguration whih ontributes to its wave funtion,
its harge-onjugated (..) ounterpart will ontribute in
equal measure. For example, if onguration |H → L+ 1〉
ours in the wave funtion with oeient 0.69, ongu-
ration |H − 1 → L〉 will also our in the wave funtion
with oeient of the same magnitude (although, the sign
ould be reversed). Thus, we will use shorthand notation
|H → L+1〉+c.c. (0.69) to denote the ontribution of these
ongurations to the wave funtion. Above, H/L refer to
HOMO/LUMO orbitals.
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Figure 2: Comparison of |χ
(3)
xxxx(−3ω;ω,ω, ω)| of PDPA (solid
line) and trans-polyaetylene (dotted line) oligomers on-
taining fty unit ells, omputed using the Hükel model.
Linewidth of 0.05 eV was assumed for all energy levels.
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Figure 3: |χ
(3)
yyyy(−3ω;ω, ω,ω)| of PDPA-30 plotted as a fun-
tion of inident photon energy. Linewidth of 0.05 eV was as-
sumed for all energy levels.
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Figure 4: The magnitudes of the longitudinal omponent of
the third-harmoni generation spetra (|χ
(3)
xxxx(−3ω;ω,ω, ω)|)
of oligo-PDPA's omputed using the QCI approah and
the sreened parameters for: (a) PDPA-5 (b) PDPA-10. A
linewidth of 0.05 eV was assumed for all the levels.
Table I: Exited states ontributing to the longitudinal THG
spetrum of PDPA-5 and PDPA-10 as obtained in QCI al-
ulations. Under the heading wave funtion, we list the most
important ongurations ontributing to the many-body wave
funtion of the state onerned, along with their oeients,
onsistent with our onvention
27
.
PDPA-5 PDPA-10
State Energy (eV) Wave Funtion Energy (eV) Wave Funtion
2Ag 2.86 |H → L+ 1〉+ c.c. (0.57) 2.08 |H → L+ 1〉+ c.c. (0.49)
|H → L;H → L〉(0.48) |H → L;H → L〉(0.50)
mAg 3.98 |H → L+ 1〉+ c.c.(0.37) 2.82 (3Ag) |H → L+ 1〉+ c.c.(0.68)
|H → L;H → L〉(0.74) 2.88 (4Ag) |H → L;H → L〉(0.37)
1Bu 2.59 |H → L〉(0.99) 1.98 |H → L〉(0.96)
nBu 4.21 |H − 1 → L+ 1〉(0.94) 3.08 |H − 1 → L+ 1〉(0.72)
|H → L;H → L+ 1〉 + c.c.(0.14) |H → L+ 2〉+ c.c.(0.38)
kBu 5.58 |H → L;H → L+ 1〉 + c.c.(0.57) 3.96 |H − 2 → L+ 2〉(0.59)
|H − 1 → L+ 1;H − 1 → L〉+ c.c.(0.25) |H → L;H → L+ 1〉+ c.c.(0.31)
|H − 1 → L+ 1〉(0.19) |H − 1 → L+ 1;H − 1 → L〉+ c.c.(0.23)
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Figure 5: The magnitude of the third-harmoni generation
spetrum (|χ
(3)
xxxx(−3ω;ω,ω, ω)|) of: (a) PDPA-10 (top) and
(b) ten unit oligomer of trans-polyaetylene (bottom) om-
puted using the QCI approah and the standard parameters.
A linewidth of 0.05 eV was assumed for all the levels.
Table II: Comparison of exited states of ten unit polyene
(PA-10) and PDPA-10 omputed using the QCI method and
the standard parameters in the P-P-P Hamiltonian. Rest of
the information is the same as given in the aption of table I.
PDPA-10 PA-10
State Energy (eV) Wave Funtion Energy (eV) Wave Funtion
1Bu 2.91 |H → L〉(0.90) 3.53 |H → L〉(0.82)
|H − 1 → L+ 1〉(0.32) |H − 1 → L+ 1〉(0.28)
mAg 5.05 |H → L;H → L〉(0.47) 5.49 |H → L+ 1〉+ c.c.(0.42)
|H → L;H − 1→ L+ 1〉(0.45) |H → L;H → L〉(0.36)
|H → L+ 1〉+ c.c.(0.33) |H → L;H − 1→ L+ 1〉(0.31)
nBu 4.90 |H − 1 → L+ 1〉(0.62) 7.31 |H → L;H → L+ 1〉 + c.c.(0.28)
|H → L+ 2〉+ c.c.(0.29) |H → L;H − 1→ L+ 2〉+ c.c.(0.27)
|H − 1 → L+ 1〉(0.23)
kBu 6.65 |H → L;H → L+ 1〉 + c.c.(0.36)
|H − 1 → L+ 1〉(0.29)
|H − 2 → L+ 2〉(0.20)
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Figure 6: Comparison of transverse third-harmoni genera-
tion spetra of PDPA-5 with that of trans-stilbene (PPV-2)
oriented along the y-axis. Both the spetra were omputed us-
ing the sreened parameters. For PDPA-5, MRSDCI method
was used, while for PPV-2, QCI method was used. A linewidth
of 0.05 eV was assumed for all the levels.
Table III: Nature of exited states ontributing to the trans-
verse THG spetrum of PDPA-5 omputed by MRSDCI
method. Rest of the information is same as given in the ap-
tion of table I.
PDPA-5 PPV-2
State Energy (eV) Wave Funtion State Energy (eV) Wave Funtion
jyAg 4.39 |H → L+ 17〉 + c.c (0.43) jAg 4.45 |H → L+ 3〉+ c.c (0.43)
|H → L+ 19〉 + c.c (0.43) |H → L;H → L〉+ c.c (0.42)
myAg 4.52 |H → L+ 17〉 + c.c (0.27) mAg 5.72 |H − 1 → L+ 1;H → L〉(0.29)
|H → L+ 19〉 + c.c (0.38) |H − 2 → L+ 2;H → L〉(0.29)
|H − 2 → L+ 1〉 + c.c (0.30) |H → L+ 3〉+ c.c.(0.26)
|H → L+ 5〉+ c.c.(0.25)
nyBu 4.96 |H → L+ 19〉 + c.c.(0.60) 1Bu 4.35 |H → L〉(0.90)
kyBu 5.61 |H − 3 → L+ 3〉(0.56)
|H − 4 → L+ 4〉(0.49)
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Figure 7: Comparison of longitudinal (solid lines ) and the
transverse (dotted lines) third-harmoni generation spetra
of PDPA-5 omputed using the sreened parameters and the
MRSDCI method. A linewidth of 0.05 eV was assumed for all
the levels.
